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Abstract
The b→ s ℓ+ℓ− process is studied in the minimal supergravity model in detail. Tak-
ing account of the long distance contributions from the cc resonances, we calculate
the branching ratio and the lepton forward-backward asymmetry in this model. We
find that there is a strong correlation between the branching ratios of b → s γ and
b → s ℓ+ℓ− processes and that the interference effect can change the b → s ℓ+ℓ−
branching ratio in the off-resonance regions by up to ±15% depending on the rel-
ative phase between the long and short distance contributions. Using various phe-
nomenological constraints including the branching ratio of b → s γ, we show that
there are regions in the parameter space where the branching ratio of b → s ℓ+ℓ−
is enhanced by about 50% compared to the SM. We also show that the branching
ratio of b→ s νν is reduced at most by 10% from the SM prediction.
I Introduction
Although the Standard Model (SM) of the elementary particle physics is successful in
explaining almost all experimental results, it is possible that physics beyond the SM
exists just above the presently available energy scale. Since new physics may affect
various processes at low energy such as the flavor changing neutral current (FCNC)
processes of K mesons and B mesons, new physics searches in these processes are
as important as direct particle searches at collider experiments. A prime example is
the b→ s γ process. Experimentally the inclusive branching ratio is determined as
B(b→ s γ) = (2.32± 0.57± 0.35)× 10−4 at the CLEO experiment [1]. It is known
that this process puts very strong constraints on various new physics beyond the
SM, for example two Higgs doublet model and supersymmetric (SUSY) extension of
the SM. Along with the b→ s γ process, another important rare b decay process is
the b→ s ℓ ℓ decay. Although only upper bounds on branching ratios are given by
experiments for various exclusive modes [2], this process is expected to be observed
in the near future at B factories as well as at hadron machines.
In this paper we investigate the b→ s ℓ ℓ decay in the minimal supersymmetric
standard model (MSSM), especially in the minimal supergravity (SUGRA) model.
The MSSM is now considered to be the most promising candidate beyond the SM.
In the MSSM, SUSY partners such as squarks, sleptons, higgsinos and gauginos
can contribute to FCNC processes through loop diagrams. In order to evaluate
their contributions quantitatively it is necessary to specify how soft SUSY breaking
terms are generated. In particular, the soft SUSY breaking terms in the squark
sector become new sources of flavor mixing, and the K0-K
0
mixing becomes too
large if the squark mixing is O(1) and masses of SUSY partners are in below-TeV
region [3]. In the minimal SUGRA model it is assumed that the soft SUSY breaking
terms are universal at the Planck or GUT scale. Flavor mixing at the electroweak
scale can be determined by solving the relevant renormalization group equations
(RGEs) from the Planck to the low energy scale. It is shown that the constraint
from the K0-K
0
mixing is easily satisfied in this framework since masses of the first-
two-generation squarks with the same quantum numbers remain highly degenerate
at the low energy [3]. The FCNC processes involving the third generation quarks
and squarks can receive sizable SUSY contributions due to the large top Yukawa
1
coupling constant. In particular the b → s γ process has been intensively studied
both in low energy SUSY Standard Models and in the minimal SUGRA model [4–6].
It was observed that the SUSY loop effects can interfere with the SM amplitude
constructively or destructively depending on the parameters on the model whereas
the charged Higgs contribution is always constructive. For the minimal SUGRA
model the B0-B
0
mixing and CP violating parameter in the K0-K
0
mixing, ǫK , has
been also investigated in Ref. [7]. In this paper we consider the b → s ℓ ℓ process
in addition to the b → s γ process to see possible implication on the model by
future experiments. We observe that the predicted branching ratio of the b → s γ
process and that of the b → s ℓ+ℓ− process are strongly correlated and thus their
measurements are useful to distinguish the SUGRA model from other extensions of
the SM.
The b→ s ℓ+ℓ− process in the SUGRA model was analyzed by Bertolini et al.
in Ref. [4]. Recently this process was reconsidered taking account of the measured
branching ratio of b→ s γ and the top quark mass in the context of the low-energy
SUSY models as well as the minimal SUGRA model [8, 9]. In Ref. [8] it was noted
that the b → s ℓ+ℓ− process is capable to resolve two-fold ambiguity which cannot
be distinguished from the branching ratio of b → s γ. In Ref. [9] a more detailed
analysis has been done in the minimal SUGRA model. Compared to them, our
calculation is improved in several points such as (1) numerically solving RGEs with
whole Yukawa matrices and soft SUSY breaking parameters with the flavor mixing,
(2) taking account of one-loop corrections in the Higgs effective potential [10] in order
to determine the proper vacuum expectation value through the radiative electroweak
symmetry breaking scenario [11], and (3) including the interference effect with the
long distance contribution in calculating the lepton invariant mass spectrum of the
b → s ℓ+ℓ− branching ratio. It turns out that the third effect can change the
branching ratio in the off-resonance region by ∼ ±15% depending on the relative
phase between the long and short distance contributions. Taking account of various
phenomenological constraints including the branching ratio of b→ s γ, we show that
there are regions in the parameter space where the branching ratio of b→ s ℓ+ℓ− is
enhanced by about 50% compared to the SM. We also calculate the branching ratio
of the b→ s ν ν process in the minimal SUGRA model and show that the branching
ratio is reduced at most by 10% from the SM value.
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This paper is organized as follows. In section II, we introduce the minimal
SUGRA model and explain new sources of flavor changing in this model. In section
III, formulas for b → s ℓ+ℓ− decay are given including SUSY contributions. In
section IV, we present numerical results of our analysis. In section V, b → s ν ν
decay is discussed. Section VI gives conclusions and discussions. Various formulas
are summarized in Appendices.
II Minimal SUGRA model
The MSSM Lagrangian is specified by the superpotential and the soft SUSY breaking
terms. The superpotential of the MSSM is given by
WF = ǫαβ
[
fUijQ
α
i H
β
2Uj + fDijH
α
1Q
β
iDj + fEijH
α
1 L
β
i Ej − µHα1Hβ2
]
, (2.1)
where the chiral superfields Q,U,D, L,E,H1 and H2 transforms under SU(3)C ×
SU(2)L × U(1)Y as following representations:
Qαi = (3, 2,
1
6
), Ui = (3, 1,−2
3
), Di = (3, 1,
1
3
), (2.2)
Lαi = (1, 2,−
1
2
), Ei = (1, 1, 1),
Hα1 = (1, 2,−
1
2
), Hα2 = (1, 2,
1
2
).
The suffices α, β = 1, 2 are SU(2) indices and i, j = 1, 2, 3 are generation indices.
ǫαβ is the anti-symmetric tensor with ǫ12 = 1. A general form of the soft SUSY
breaking terms is given by
−Lsoft = (m2Q)ij q˜†Li q˜Lj + (m2U)ij u˜∗Ri u˜Rj + (m2D)ij d˜∗Ri d˜Rj (2.3)
+(m2L)ij ℓ˜
†
Li ℓ˜Lj + (m
2
E)ij e˜
∗
Ri e˜Rj
+∆21 h
†
1h1 +∆
2
2 h
†
2h2 + ǫαβ (B µh
α
1 h
β
2 +H.c.)
+ǫαβ (AUij q˜
α
Li h
β
2 u˜
∗
Rj + ADij h
α
1 q˜
β
Li d˜
∗
Rj + AEij h
α
1 ℓ˜
β
Li e˜
∗
Rj +H.c.)
+(
1
2
mB˜ B˜ B˜ +
1
2
mW˜ W˜ W˜ +
1
2
mG˜ G˜ G˜+H.c.),
3
where q˜Li, u˜
∗
Ri, d˜
∗
Ri, ℓ˜Li, e˜
∗
Ri, h1 and h2 are scalar components of chiral superfields
Qi, Ui, Di, Li, Ei, H1 and H2 respectively, and B˜, W˜ and G˜ are U(1)Y , SU(2)L and
SU(3)C gauge fermions.
In the minimal SUGRA model the soft SUSY breaking terms are assumed to
take the following universal structures at the GUT scale.
(m2Q)ij = (m
2
U)ij = (m
2
D)ij = m
2
0 δij , (2.4)
(m2L)ij = (m
2
E)ij = m
2
0 δij ,
∆21 = ∆
2
2 = m
2
0,
AUij = fUij AX , ADij = fDij AX , AEij = fEij AX ,
mB˜ = mW˜ = mG˜ =MgX .
With this initial condition, soft SUSY breaking parameters at the electroweak scale
are calculated by solving the RGEs of the MSSM [12]. We first solve the one-loop
RGEs for the gauge coupling constants taking αi(mZ) as the input and determine
the GUT scale, MGUT, where the gauge couplings meet. The Yukawa coupling
constants atMGUT are also calculated by solving the RGEs from mZ to MGUT. The
values of the Yukawa coupling constants at the electroweak scale are obtained by
taking the quark/lepton masses, the Cabbibo-Kobayashi-Maskawa (CKM) matrix
elements and the tan β = 〈h02〉 / 〈h01〉 as input parameters. Then we solve the RGEs
for all MSSM parameters downward with the GUT scale boundary conditions (2.4)
for each set of the universal soft SUSY breaking parameters (m0, AX , MgX). We
include all generation mixings in the RGEs for both Yukawa coupling constants
and the soft SUSY breaking parameters. Next, we evaluate the Higgs potential
at the electroweak scale and require that the minimum of the potential gives a
correct vacuum expectation values of the neutral Higgs fields as 〈h01〉 = v cos β and
〈h02〉 = v sin β where v = 174 GeV. This is known as the radiative electroweak
symmetry breaking scenario [11]. The effective potential of neutral Higgs fields at
the electroweak scale is given by
V (h01, h
0
2) = (µ
2 +∆21) |h01|2 + (µ2 +∆22) |h02|2 + (B µh01 h02 +H.c.) (2.5)
4
+
g2 + g′2
8
(|h01|2 − |h02|2)2 + Vloop,
where Vloop is the one-loop correction induced by the third generation fermions and
sfermions [10]. The requirement of the radiative electroweak symmetry breaking
determines the magnitude of the SUSY Higgs mass parameter µ and the soft SUSY
breaking parameter B. The explicit forms of Vloop and the condition of the radiative
electroweak symmetry breaking used in the present analysis are given in Appendix A.
At this stage, all MSSM parameters at the electroweak scale are determined as
functions of the input parameters (tan β, m0, AX , MgX , sign(µ)).
With use of the low energy SUSY parameters determined by the procedure
described above, we can calculate all the SUSY particle masses and the mixing
parameters. The 6× 6 mass matrix of up-type squark is written by
− L = (u˜∗L, u˜∗R) M2u˜
(
u˜L
u˜R
)
, (2.6)
= (u˜∗Li, u˜
∗
Ri)
(
(m2LL)ij (m
2
LR)ij
(m2RL)ij (m
2
RR)ij
) (
u˜Lj
u˜Rj
)
,
(m2LL)ij = (M
†
UMU )ij + (m
2
Q)ij +m
2
Z cos(2β)(
1
2
− 2
3
sin2 θW )δij , (2.7)
(m2RR)ij = (MUM
†
U )ij + (m
2
U )ij +m
2
Z cos(2β)(
2
3
sin2 θW )δij, (2.8)
(m2LR)ij = (m
2†
RL)ij = −µ cotβ(M †U)ij + (A†U)ijv sin β, (2.9)
where MU is the up-type quark mass matrix, i.e. MUij = fUjiv sin β, and u˜L is the
up-type component of SU(2) doublet q˜. In this weak eigenstate, the mass matrix
is not diagonal at the electroweak scale. The physical mass eigenstate is given by
diagonalizing the mass matrix,
u˜I = (U˜U )
J
I
(
u˜L
u˜R
)
J
, (2.10)
U˜U (M
2
u˜) U˜
†
U = diagonal, (2.11)
where u˜I is the mass eigenstate. The unitary matrix U˜U induces new flavor mixing
in the up-type squark sector. In a similar manner, we define the mixing matrices
U˜D, U˜ℓ for the down-type squark and the slepton sectors.
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III b→ s ℓ+ℓ− decay
In this section, we describe the calculation of the branching ratio and the lepton
forward-backward asymmetry for the b → s ℓ+ℓ− (ℓ = e, µ) process in the minimal
SUGRA model. We first introduce the effective Hamiltonian which is relevant for
the b→ s ℓ+ℓ− process [13],
Heff =
4GF√
2
10∑
i=1
Ci(Q) Oi(Q), (3.1)
where Q is the renormalization point. For the calculation of the branching ratio,
the following three operators are important,
O7 =
e
16π2
mb(s¯LασµνbRα)F
µν , (3.2)
O9 =
e2
16π2
(s¯LαγµbLα)(ℓ¯γ
µℓ), (3.3)
O10 =
e2
16π2
(s¯LαγµbLα)(ℓ¯γ
µγ5ℓ). (3.4)
The explicit forms of all the effective operators Oi(Q) are given in Appendix B.
Throughout this paper we neglect the strange quark mass.
The coefficients C1(mW )–C10(mW ) are determined by matching the full theory
with the effective theory at the renormalization point Q = mW . The coefficients
C1(mW )–C6(mW ) are given by
C2(mW ) = −λt, Ci(mW ) = 0, (i = 1, 3–6), (3.5)
where λt = VtbV
∗
ts. Note that there is no SUSY contribution to these values at the
tree level. The coefficients C7(mW )–C10(mW ) are generated by one loop diagrams.
In order to determine these coefficients at the mW scale, we need to calculate photon
penguin, Z penguin and box diagrams taking account of new contributions in addi-
tion to the SM diagrams. There are four classes of new contributions in the SUSY
model; charged Higgs boson(H−)–up-type quark loop, chargino (χ˜−)–up-type squark
loop, gluino (G˜)–down-type squark loop, and neutralino (χ˜0)–down-type squark
loop. C7(mW ) is obtained by calculating the photon penguin diagram Fig. 1(a).
C8(mW ) is also obtained by calculating the gluon penguin diagram Fig. 1(b). There
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are three types of diagrams which contribute to C9(mW ); the photon penguin di-
agram Fig. 1(c), the Z penguin diagram Fig. 1(c) and the box diagram Fig. 1(d).
Since we neglect the lepton mass, there is no charged Higgs contribution to the box
diagram. C10(mW ) is induced by the Z penguin diagram Fig. 1(c) and the box dia-
gram Fig. 1(d). The explicit form of each contribution is given in Appendix C with
use of the mixing matrices at each vertex defined in Appendix D and Inami-Lim
functions given in Appendix E.
In order to calculate the b → s ℓ+ℓ− decay amplitude, we need the effec-
tive Hamiltonian at the mb scale. By solving the RGEs in the leading logarithmic
approximation (LLA) of QCD, Ci(mb) can be related with Ci(mW ) as given in
Appendix F [14]. With this effective Hamiltonian at the mb scale, we can calculate
various physical observables. Since the bottom quark is much heavier than the QCD
energy scale, we can calculate the inclusive decay width as a free bottom quark de-
cay. This procedure is justified as a leading order approximation of the heavy quark
expansion [15]. The b→ s ℓ+ℓ− branching ratio is given by
dB(b→ s ℓ+ℓ−)
d sˆ
= B(b→ c e ν) α
2
4π2
∣∣∣∣∣ λtVcb
∣∣∣∣∣
2
1
fph(mc/mb)
w(sˆ)
√
1− 4m
2
ℓ
s
(3.6)
×
[
|C9 + Y (sˆ)|2α1(sˆ, mˆs, mˆℓ) + |C10|2α2(sˆ, mˆs, mˆℓ)
+
4
sˆ
|C7|2α3(sˆ, mˆs, mˆℓ) + 12α4(sˆ, mˆs, mˆℓ)Re(C∗7 (C9 + Y (sˆ)))
]
,
where sˆ = (p+ + p−)
2/m2b and p+(p−) is the four momentum of ℓ
+(ℓ−). Here we
normalize the branching ratio by the semileptonic branching ratio B(b → c e ν)
in order to cancel the m5b factor in the differential width. The function fph(x) =
1−8x2+8x6−x8−24x4 ln x is the phase space factor of the semileptonic decay width.
Kinematical functions α1 – α4 and w(sˆ) are given in Appendix G. As mentioned
before we neglect the strange quark mass in the numerical analysis. The lepton
mass is, however, kept since lepton mass corrections are important in the lower end
of the lepton invariant mass spectrum. By calculating the matrix elements of four
quark operators O1–O6 at the one loop level, we obtain Y (sˆ)
Y (sˆ) = g(
mc
mb
, sˆ)(3C1 + C2 + 3C3 + C4 + 3C5 + C6) (3.7)
7
−1
2
g(1, sˆ)(4C3 + 4C4 + 3C5 + C6)− 1
2
g(0, sˆ)(C3 + 3C4) + Yres(sˆ),
g(z, sˆ) =


−4
9
ln z2 + 8
27
+ 16z
2
9sˆ
− 2
9
√
1− 4z2
sˆ
(
2 + 4z
2
sˆ
)ln
∣∣∣∣∣∣
1+
√
1− 4z
2
sˆ
1−
√
1− 4z
2
sˆ
∣∣∣∣∣∣− iπ

 for sˆ > 4z2,
−4
9
ln z2 + 8
27
+ 16z
2
9sˆ
− 4
9
√
4z2
sˆ
− 1
(
2 + 4z
2
sˆ
)
arctan

 1√
4z2
sˆ
−1

 for sˆ < 4z2.
(3.8)
In addition to these short distance contributions, there are long distance contri-
butions from the cc resonances, b→ s J/ψ → ℓ+ℓ− and b→ s ψ′ → ℓ+ℓ−. Although
we can avoid large contributions from these resonances by cutting the resonance
regions of the lepton-invariant-mass spectrum, there can be sizable effects from in-
terference between the short distance contribution and the tail of the resonances.
The resonance effects in the b→ s transition have been investigated in connection to
the long distance contribution of the b→ s ℓ+ℓ− [16–18] as well as the b→ s γ [19]
process. In Eq. (3.7) following Ref. [16, 17] we have introduced the resonance term
Yres(sˆ),
Yres(sˆ) = κ
3π
α2
∑
i=J/ψ,ψ′
MiΓ(i→ ℓ+ℓ−)/m2b
sˆ−M2i /m2b + iMiΓi/m2b
, (3.9)
where κ parametrizes the b–s–J/ψ and b–s–ψ′ couplings. Its absolute value is de-
termined from Γ(b→ J/ψX) and is given by |κ| ∼ 1 [16,17]. In general κ can have
a non zero phase. In the following in order to see the effect of the phase, we show
results with κ = ±1∗. In the actual evaluation of the branching ratio the charm
mass in Eq. (3.7) is taken to be the D meson mass [16]. The choice of the charm
mass is not important here since the branching ratio depends on it very weakly.
Another observable which is expected to be measured with reasonable accuracy
in future experiments is the forward-backward asymmetry of the lepton [17]. In the
∗In principle κ can be different for J/ψ and ψ′. But for simplicity, we have take the same value
in Eq. (3.9). From the experimental data at least we can show that the absolute value is almost
the same both for J/ψ and ψ′.
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center of mass frame of the lepton pair, this is defined as
AFB(sˆ) =
1∫
0
d(cos θ) d
2B
d(cos θ) dsˆ
(b→ s ℓ+ℓ−)−
0∫
−1
d(cos θ) d
2B
d(cos θ) dsˆ
(b→ s ℓ+ℓ−)
1∫
0
d(cos θ) d
2B
d(cos θ) dsˆ
(b→ s ℓ+ℓ−) +
0∫
−1
d(cos θ) d
2B
d(cos θ) dsˆ
(b→ s ℓ+ℓ−)
(3.10)
= −
3w(sˆ)
√
1− 4mˆ2ℓ
sˆ
C10 [sˆ(C9 + Re Y (sˆ)) + 2C7][
|C9 + Y (sˆ)|2α1 + C210α2 + 4sˆC27α3 + 12α4C7(C9 + Re Y (sˆ))
] ,
where θ is the angle between the momentum of the bottom quark and that of the
ℓ+.
IV Numerical results
As explained in Sec. II, the MSSM parameters are determined by solving the RGEs.
In the minimal SUGRA model, there are five SUSY parameters; the universal scalar
massm0, the gaugino massMgX , the universal A-parameter AX , the SUSY invariant
Higgs mass µ, the mixing parameter of Higgs boson B. Using the condition that
the electroweak symmetry is properly broken to give the correct Z boson mass, the
theory contains four free parameters, tan β, m0, MgX and AX as well as the sign of
µ. We scan the parameters m0, MgX and AX in the range of m0 ≤ 2 TeV, MgX≤ 2
TeV and |AX | ≤ 5 m0 for each fixed value of tanβ. We also impose the following
phenomenological constraints.
1. b→ s γ branching ratio:
The branching ratio of the b→ s γ process is given by
B(b→ s γ) = 6α
π
∣∣∣∣∣ λtVcb
∣∣∣∣∣
2
B(b→ c e ν)|C7(Q)|2, (4.1)
Most important theoretical ambiguity comes from the choice of renormaliza-
tion scale Q. The branching ratio changes by about ±30% as the scale Q is
varied in the range of mb/2 ≤ Q ≤ 2mb. We fix Q = mb in this analysis
and discuss the ambiguity associated to the QCD correction later. From the
measurement by CLEO [1], the inclusive branch ratio is given by,
1× 10−5 < B(b→ s γ) < 4.2× 10−5. (4.2)
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2. From the recent experiment at LEP 1.5 [20], we impose that all the charged
SUSY particles are heavier than 65 GeV.
3. All sneutrino masses are larger than 41 GeV [21].
4. The gluino mass is larger than 100 GeV. The lower bound of the experimental
gluino mass is given by Fermilab TEVATRON collider [22]. Since it depends
on various SUSY parameters, we take 100 GeV as a conservative lower bound †.
5. From the neutralino search at LEP [23], we impose
Γ(Z → χχ) < 8.4MeV, (4.3)
B(Z → χχ′),B(Z → χ′χ′) < 2× 10−5, (4.4)
where χ is the lightest neutralino and χ′ denotes other neutralino.
6. The lightest SUSY particle is neutral.
7. The condition for not having a charge or color symmetry breaking vacuum [24].
Throughout this paper we fix the top quark mass as 175 GeV, the bottom quark
pole mass as 4.62 GeV and αs(mZ) = 0.116. In Fig. 2, we show C7(mb), C9(mb) and
C10(mb), each of which is normalized to its SM value, for tan β = 3, 30. In these
figures we do not include the b→ s γ constraint. We can see that in Fig. 2 C7(mb)
can be quite different from the SM value and even the opposite sign is allowed for
tan β = 30. On the other hand, C9(mb) and C10(mb) differ from the SM values by
at most 5% in the whole parameter space for both tanβ= 3, 30. In the calculation
of C7(mb), there is a one-loop diagram with internal stop and chargino which gives
a large contribution when tanβ becomes large [6]. When chargino has a sizable
higgsino component, this diagram is proportional to the product of the top and
bottom Yukawa coupling constants i.e. mtmb
sinβ cos β
which grows as tanβ when tanβ is
large. On the other hand, there are no such terms in the calculation of C9(mb) and
C10(mb). In fact, the corresponding stop-higgsino diagram in C9(mb) and C10(mb)
is proportional to the square of the top Yukawa coupling constants, namely
m2t
sin2 β
,
†With use of the GUT relation of the gaugino masses Eq. (2.4) and the LEP 1/1.5 constraints
on charginos and neutralinos (above 2 and 5), a gluino lighter than about 150 GeV is excluded for
tanβ >∼ 2. Therefore the precise value of the imposed gluino mass bound is not very important.
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which does not grow for large tan β. Indeed C9(mb) and C10(mb) could be large if
tan β ≤ 1, but within the framework of the minimal SUGRA model tan β is only
allowed to be larger than two as far as we require that the top Yukawa coupling
constant remains perturbative up to the GUT scale.
We first show our numerical results for b → s µ+µ− and discuss the electron
case later. In Fig. 3 and Fig. 4, the branching ratio and the forward-backward
asymmetry in the SM are shown as functions of the lepton pair invariant mass. In
the calculation of the b → s ℓ+ℓ− branching ratio we have used mc/mb = 0.31,
|Vcb/λt| = 1.01 and B(b→ c e ν) = 0.104 in Eq. (3.6). We also show similar curves
for the minimal SUGRA model with a particular set of parameters that tan β = 30,
m0 = 369 GeV, MgX = 100 GeV, AX = m0 and the sign of µ is positive. This
parameter set is chosen so that C7(mb) has the same magnitude but the opposite
sign to the SM value. We show the curves with κ = ±1 for both models. As
can be seen in Fig. 3 and Fig. 4, there are large contributions from the J/ψ and
ψ′ resonances. Since we are interested only in the short distance contribution, we
consider the following two regions; the low s region, 4m2ℓ < s < (mJ/ψ − δ)2, and
the high s region, (mψ′ + δ)
2 < s < m2b , where δ is introduced to cut the resonance
regions and we take δ = 100 MeV here. We can see that the sizable interference
between the long and short distance contributions even in these low and high s
regions. At the asymmetric B factory experiments, however, it may be possible
to determine the phase of κ by measuring the lepton invariant spectrum near the
resonance regions. Therefore in the following, we consider the branching ratio and
asymmetry integrated in the above two kinematical region with a choice of κ = ±1.
These are defined as
Blow(high) =
∫
low(high)
dsˆ B(sˆ), (4.5)
Alow(high)FB =
∫
low(high)
dsˆ

 1∫
0
d(cos θ)
d2B
d(cos θ) dsˆ
−
0∫
−1
d(cos θ)
d2B
d(cos θ) dsˆ


∫
low(high)
dsˆ

 1∫
0
d(cos θ)
d2B
d(cos θ) dsˆ
+
0∫
−1
d(cos θ)
d2B
d(cos θ) dsˆ


. (4.6)
Notice that for general phase of κ the branching ratio takes the value between the
κ = ±1 cases.
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In Fig. 5, we show the correlation between the branching ratios of the b→ s γ
and b → s ℓ+ℓ− in the above two regions for tan β = 30. Fig. 5(a) and (b) show
the branching ratio of b → s ℓ+ℓ− in the low s region for κ = ±1, and Fig. 5(c)
and (d) correspond to the high s region. As already mentioned in connection with
Fig. 2, only C7(mb) can receive sizable SUSY contributions. It is therefore clear from
Eq. (4.1) and Eq. (3.6) that the values of two branching ratios lie on a parabola when
we neglect SUSY contribution to C9(mb) and C10(mb). This is seen in Fig. 5. If
we take the experimental constraint on the branching ratio of b→ s γ into account,
two separate regions are allowed. One corresponds to the case when the sign of
C7(mb) is the same as that of the SM, and the other corresponds to the case with
the opposite sign. We can see that the branching ratio of b → s ℓ+ℓ− is enhanced
about 50% in the latter case. Although the branching ratio of b → s ℓ+ℓ− in the
low s region changes ±15% depending on the sign of κ, we can distinguish the sign
of C7(mb) from the branching ratio integrated in this region. On the other hand
in the high s region, the branching ratio of b → s ℓ+ℓ− depends on the sign of κ
significantly.
We also show the correlations between the branching ratio of the b → s γ
and the forward-backward asymmetry of the b → s ℓ+ℓ− in Fig. 6. Four figures
correspond to the case κ = ±1 and low/high regions. We can see that the asymmetry
is also useful to distinguish the sign of C7(mb).
We vary the renormalization point Q from mb/2 to 2mb in order to study the
renormalization point dependences, which are also shown in Fig. 5 and Fig. 6. We
see that the tendency that the branching ratio change along the parabola. This
is because the change of the renormalization point Q mainly affects C7(Q). This
means that we can make a prediction of the branching ratio of b→ s ℓ+ℓ− without
much ambiguity as far as we use the experimental value of the b → s γ branching
ratio‡. Fig. 7 shows that the branching ratio of b → s ℓ+ℓ− in the low s region
as a function of the chargino mass and the light stop mass for κ = 1 and tan β
= 30 taking account of the b → s γ constraint. The points where the branching
ratio of the b → s ℓ+ℓ− is enhanced about 50 % compared to the SM correspond
to the case that the C7(mb) has the opposite sign to the SM. It is interesting to
‡It is important, however, to reduce the ambiguity of the renormalization point in order to put
constraints on SUSY parameter space from the b→ s γ branching ratio.
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see such parameters correspond to relatively light SUSY particles (mχ− <∼ 130 GeV,
mt˜ <∼ 250 GeV) but beyond the reach of LEP II. We have also analyzed the case of
small tan β, for example tan β= 3. In this case the C7(mb) cannot change its sign
as shown in Fig. 2, thus the branching ratios change within ±5% after taking into
account the b→ s γ constraint.
We also calculated the branching ratio and the asymmetry for the b→ s e+e−
process. The only difference from the b → s µ+µ− case is that the lower limit of
the lepton invariant mass becomes smaller. Since the C7(mb) term gives dominant
contribution in the region near the kinematical lower limit, the branching ratio
and asymmetry integrated in the low s region change from those for b → s µ+µ−.
Compared to Fig. 5 (a), for example, the b → s e+e− branching ratio is enhanced
by ∼5% at B(b → s γ) = 1.0 × 10−4 and ∼30% at B(b → s γ) = 4.2 × 10−4 for
the SM branch and by ∼5% and ∼20% respectively for the branch with opposite
sign of C7(mb). It is worth while noting that we can distinguish the sign of C7(mb)
by looking at the low s region in the b → s e+e− mode just as in the b → s µ+µ−
case. On the other hand the branching ratio and asymmetry integrated in the high
s region do not change noticeably from the b→ s µ+µ− case.
Let us now compare our results with those in Ref. [9]. As explained in Sec. II,
we have included the one-loop correction term Vloop in the Higgs potential to find
appropriate parameter sets. This correction, however, mainly affects the mass of
the lightest neutral Higgs boson, which does not directly contribute to the FCNC
processes. Consequently the effect of this improvement is rather small§. The most
important difference comes from the long distance contributions of the cc resonances.
In Ref. [9] b → s ℓ+ℓ− branching ratio is calculated with the short distance contri-
butions only, omitting the J/ψ and ψ′ resonance regions from the integration range
of the lepton pair invariant mass. We show that even if the resonance regions are
avoided, the interference effect between the short distance contributions and the
tail of the resonances gives ∼ ±15% ambiguity to the b → s ℓ+ℓ− branching ratio
since the detail of the b–s–J/ψ and b–s–ψ′ couplings, which are parametrized by
the phase of κ in our present analysis, is theoretically unknown. We see that this
ambiguity is larger than the short distance effects from the SUSY contributions un-
§ The effect on the lightest Higgs mass will be important in finding allowed SUSY parameter
regions when the experimental bound of the lightest Higgs mass is raised.
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less the C7 changes its sign. Thus, it is difficult to extract information about the
SUSY parameters from the branching ratio and the forward-backward asymmetry
of b→ s ℓ+ℓ− without knowledge of the long distance contributions. This ambiguity
will be reduced experimentally by the measurement of the behavior of the lepton
pair invariant mass spectrum around the resonances. This may be achieved before
the branching ratio in the off-resonance regions is measured since a large number of
events is expected near the resonance regions.
V b→ s ν ν decay
In this section, we present the numerical result of the branching ratio of b → s ν ν
in the minimal SUGRA model. For the calculation of this branching ratio, we need
to introduce a new operator to the effective Hamiltonian Eq. (3.1),
O11 =
g2
16π2
(s¯LαγµbLα)
∑
i=e,µ,τ
(ν¯iγ
µ(1− γ5)νi). (5.1)
The corresponding Wilson coefficient C11 is given in Appendix C. Note that C11 does
not receive QCD correction in LLA. In addition to the SM contribution, there are the
Z penguin and the box diagrams due to the charged Higgs boson and SUSY particles.
Since the effect of tau lepton mass in the loop diagram is small, C11 is calculated with
3 massless charged leptons. Important difference from the b→ s ℓ+ℓ− process is that
no photon penguin diagram can contribute to the b → s ν ν process. Thus SUSY
contributions to C11 are similar to those to C10, and no large SUSY contribution is
induced. The branching ratio of b→ s ν ν is written as
∑
i=e,µ,τ
B(b→ s νiνi) = 3 B(b→ c e ν)α
2
W
4π2
∣∣∣∣∣ λtVcb
∣∣∣∣∣
2
1
fph(
mc
mb
)
|C11|2. (5.2)
In Fig. 8 we show the scatter plot of the b → s ν ν branching ratio and the
chargino mass (the light stop mass). In this calculation we have taken into account
all constraints (1)–(7) in Sec. IV. We see that the branching ratio does not exceed
the SM value and the change is at most 10%. This result does not depend much on
the value of tan β.
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VI Conclusions
In this paper, we have extensively examined the b → s ℓ ℓ branching ratio in the
minimal SUGRA model. By scanning the three-dimensional space of the soft SUSY
breaking parameters m0, MgX and AX for various choices of tan β, we have found
that a parameter region, where the Wilson coefficient C7(mb) receives a large SUSY
contribution, is still allowed under the LEP 1.5 constraints provided that tan β is
large. On the other hand, the SUSY contributions to the coefficients C9(mb) and
C10(mb) are much smaller than the SM contributions in the whole allowed parameter
space. Consequently, there is a strong correlation between the predicted values of
the branching ratios of b → s γ and b → s ℓ+ℓ−. Applying the measured bound
of the b → s γ branching ratio, we have shown that the predicted values of the
b → s ℓ+ℓ− branching ratio are separated in two branches for a large tan β: one
corresponds to the region where the sign of the b → s γ amplitude is the same as
that in the SM and the other corresponds to the opposite sign. In the latter case,
the b → s ℓ+ℓ− branching ratio becomes at most ∼ 50% larger compared to the
SM value. The forward-backward asymmetry is also significantly different from the
SM in the same parameter region. Since mχ− >∼ 100 GeV is allowed for such a
parameter region, it is possible to observe a large enhancement in the branching
ratio of b→ s ℓ+ℓ− even if no SUSY particle is found at LEP II. We also calculated
the branching ratio of b → s ν ν process and found that it is reduced at most 10%
from the SM value.
There are several theoretical ambiguities in the calculation of b → s ℓ+ℓ−
branching ratio, such as the cc resonance effect, the renormalization point depen-
dence, the strange quark mass and the higher order corrections in the heavy quark
expansion. Among them we studied the renormalization point dependence and the
resonance effects in some detail. The strange quark mass correction, which is of order
m2s/m
2
b , is estimated to be less important especially in the low s region. The higher
order corrections in the heavy quark expansion is also expected to be small [15].
The renormalization point dependence gives about 30% ambiguity to deter-
mine the magnitude of C7(mW ) from the measured value of b → s γ branching
ratio. This ambiguity, however, does not affect the correlation between the branch-
ing ratios of b→ s γ and b→ s ℓ+ℓ− much. We can make a rather definite prediction
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on the value of the b → s ℓ+ℓ− branching ratio with use of the measured b → s γ
branching ratio.
The cc resonance effect turns out to be important. To deal with this effect,
we have introduced a phenomenological parameter κ and have presented our results
for κ = ±1 since the phase of κ is not known theoretically. We have pointed out
that there are sizable ambiguities due to this effect for both low and high s regions.
This ambiguity will be reduced experimentally if the lepton invariant mass spectrum
near the resonances will be measured in some detail. We have also found that in
the low s region the change of the b → s ℓ+ℓ− branching ratio due to the sign of
C7(mb) is larger than the ambiguity induced from the phase of κ. This fact enables
us to distinguish the sign of C7(mb) without the knowledge of the phase of κ, by
measuring the b→ s ℓ+ℓ− branching ratio integrated in the low s region.
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Appendix A One-loop Correction to the Higgs Po-
tential
The explicit form of Vloop in Eq. (2.5) is given by
Vloop =
3
32π2
[
m4t˜1
(
ln
m2
t˜1
Q2
− 3
2
)
+m4t˜2
(
ln
m2
t˜2
Q2
− 3
2
)
−m4t
(
ln
m2t
Q2
− 3
2
)]
(A.1)
+
3
32π2

m4
b˜1

ln m2b˜1
Q2
− 3
2

+m4
b˜2

ln m2b˜2
Q2
− 3
2

−m4b
(
ln
m2b
Q2
− 3
2
)
+
1
32π2
[
m4τ˜1
(
ln
m2τ˜1
Q2
− 3
2
)
+m4τ˜2
(
ln
m2τ˜2
Q2
− 3
2
)
−m4τ
(
ln
m2τ
Q2
− 3
2
)]
,
where Q denotes the renormalization point. The field-dependent masses are given
by
mt = fU33h
0
2, mb = fD33h
0
1, mτ = fE33h
0
1, (A.2)
m2t˜1(2) =
1
2
[
2m2t +m
2
Q33 +m
2
U33 ∓
√
(m2Q33 −m2U33)2 + 4(−µfU33h01 + AU33h02)2
]
,(A.3)
m2
b˜1(2)
=
1
2
[
2m2b +m
2
Q33 +m
2
D33 ∓
√
(m2Q33 −m2D33)2 + 4(−µfD33h02 + AD33h01)2
]
,(A.4)
m2τ˜1(2) =
1
2
[
2m2τ +m
2
L33 +m
2
E33 ∓
√
(m2L33 −m2E33)2 + 4(−µfE33h02 + AE33h01)2
]
.(A.5)
For simplicity we neglect D-term contributions to the scalar masses.
The radiative electroweak symmetry breaking condition is
〈
∂V
∂h01
〉
=
〈
∂V
∂h02
〉
= 0, (A.6)
where the bracket denotes the value at h01 = v cos β and h
0
2 = v sin β. We obtain
the following equations for the SUSY Higgs mass parameter µ and the soft SUSY
breaking parameter B from (A.6) with the explicit form of the Higgs potential (2.5)
and (A.2):
v2 =
4
(g2 + g′2)(tan2 β − 1)
(
(µ2 +∆21)− (µ2 +∆22) tan2 β (A.7)
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− 3f
2
U33
16π2
[
(f(m2t˜1) + f(m
2
t˜2
)− 2f(m2t )) tan2 β + (A2U33 tan2 β − µ2)h(m2t˜1 , m2t˜2)
]
+
3f 2D33
16π2
[
(f(m2
b˜1
) + f(m2
b˜2
)− 2f(m2b)) + (A2D33 − µ2 tan2 β)h(m2b˜1 , m2b˜2)
]
+
f 2E33
16π2
[
(f(m2τ˜1) + f(m
2
τ˜2)− 2f(m2τ )) + (A2E33 − µ2 tan2 β)h(m2τ˜1 , m2τ˜2)
])
,
−Bµ
sin β cos β
= (∆21 +∆
2
2 + 2µ
2) (A.8)
+
3f 2U33
16π2
[
(f(m2t˜1) + f(m
2
t˜2
)− 2f(m2t )) + (AU33 − µ cotβ)(AU33 − µ tanβ)h(m2t˜1 , m2t˜2)
]
+
3f 2D33
16π2
[
(f(m2
b˜1
) + f(m2
b˜2
)− 2f(m2b)) + (AD33 − µ cotβ)(AD33 − µ tanβ)h(m2b˜1 , m2b˜2)
]
+
f 2E33
16π2
[
(f(m2τ˜1) + f(m
2
τ˜2
)− 2f(m2τ )) + (AE33 − µ cotβ)(AE33 − µ tanβ)h(m2τ˜1 , m2τ˜2)
]
,
where f(m2) = m2(ln m
2
Q2
− 1) and h(m21, m22) = f(m
2
1)−f(m
2
2)
m21−m
2
2
.
Appendix B The Effective Hamiltonian for b →
s ℓ ℓ
The effective Hamiltonian for the b→ s ℓ ℓ is given by
Heff =
4GF√
2
11∑
i=1
Ci(Q)Oi(Q), (B.1)
in which the operator basis is chosen to be
O1 = (s¯LαγµbLα)(c¯Lβγ
µcLβ), (B.2)
O2 = (s¯LαγµbLβ)(c¯Lβγ
µcLα), (B.3)
O3 = (s¯LαγµbLα)
∑
q=u,d,s,c,b
(q¯Lβγ
µqLβ), (B.4)
O4 = (s¯LαγµbLβ)
∑
q=u,d,s,c,b
(q¯Lβγ
µqLα), (B.5)
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O5 = (s¯LαγµbLα)
∑
q=u,d,s,c,b
(q¯Rβγ
µqRβ), (B.6)
O6 = (s¯LαγµbLβ)
∑
q=u,d,s,c,b
(q¯Rβγ
µqRα), (B.7)
O7 =
e
16π2
mb(s¯LασµνbRα)F
µν , (B.8)
O8 =
gs
16π2
mb(s¯LαT
a
αβσµνbRα)G
aµν , (B.9)
O9 =
e2
16π2
(s¯LαγµbLα)(ℓ¯γ
µℓ), (B.10)
O10 =
e2
16π2
(s¯LαγµbLα)(ℓ¯γ
µγ5ℓ), (B.11)
O11 =
g2
16π2
(s¯LαγµbLα)
∑
i=e,µ,τ
(ν¯iγ
µ(1− γ5)νi). (B.12)
Appendix C Wilson coefficients at the electroweak
scale
In this appendix, we give explicit forms of each contribution to Wilson coefficients
at the electroweak scale [4, 9].
Appendix C.1 C7(mW )
C7(mW ) = C
W
7 + C
H−
7 + C
χ˜−
7 + C
G˜
7 + C
χ˜0
7 , (C.1)
CW7 =
3
2
λtxtW
[
2
3
f1(xtW ) + f2(xtW )
]
, (C.2)
CH
−
7 =
1
2
λtxth
[
cot2 β
{
2
3
f1(xth) + f2(xth)
}
+
{
2
3
f3(xth) + f4(xth)
}]
, (C.3)
C χ˜
−
7 = −
2∑
α=1
6∑
I=1
xWu˜I (Γ
d †
CL)
I
α2
[
(ΓdCL)
α3
I
{
f1(xχ˜−α u˜I ) +
2
3
f2(xχ˜−α u˜I )
}
(C.4)
+(ΓdCR)
α3
I
mχ˜−α
mb
{
f3(xχ˜−α u˜I ) +
2
3
f4(xχ˜−α u˜I )
}]
,
19
CG˜7 =
8
9
g2s
g2
6∑
I=1
xWd˜I (Γ
d †
GL)
I
2
[
(ΓdGL)
3
If2(xG˜d˜I ) + (Γ
d
GR)
3
I
mG˜
mb
f4(xG˜d˜I )
]
, (C.5)
C χ˜
0
7 =
1
3
4∑
α=1
6∑
I=1
xWd˜I (Γ
d †
NL)
I
α2
[
(ΓdNL)
α3
I f2(xχ˜0αu˜I ) + (Γ
d
NR)
α3
I
mχ˜0α
mb
f4(xχ˜0αu˜I )
]
, (C.6)
where xij = m
2
i /m
2
j and mi is the mass of the particle i. fi(x) are the one loop
functions, which are given in Appendix E. The matrix ΓdCL(R) represents the coupling
constant of chargino–(up-type-)squark–(down-type-)quark, ΓdNL(R) represents that
of neutralino–(down-type-)squark–(down-type-)quark and ΓdGL(R) represents that of
gluino–(down-type-)squark–(down-type-)quark, which are found in Appendix D.
Appendix C.2 C8(mW )
C8(mW ) = C
W
8 + C
H−
8 + C
χ˜−
8 + C
G˜
8 + C
χ˜0
8 , (C.7)
CW8 =
3
2
λtxtW f1(xtW ), (C.8)
CH
−
8 =
1
2
λtxth
[
cot2 βf1(xth) + f3(xth)
]
, (C.9)
C χ˜
−
8 = −
2∑
α=1
6∑
I=1
xWu˜I (Γ
d †
CL)
I
α2
[
(ΓdCL)
α3
I f2(xχ˜−α u˜I ) + (Γ
d
CR)
α3
I
mχ˜−α
mb
f4(xχ˜−α u˜I )
]
,(C.10)
CG˜8 =
g2s
g2
6∑
I=1
xWd˜I (Γ
d †
GL)
I
2
[
(ΓdGL)
3
I
{
3f1(xG˜d˜I ) +
1
3
f2(xG˜d˜I )
}
(C.11)
+(ΓdGR)
3
I
mG˜
mb
{
3f3(xG˜d˜I ) +
1
3
f4(xG˜d˜I )
}]
,
C χ˜
0
8 = −
4∑
α=1
6∑
I=1
xWd˜I (Γ
d †
NL)
I
α2
[
(ΓdNL)
α3
I f2(xχ˜0αd˜I ) + (Γ
d
NR)
α3
I
mχ˜0α
mb
f4(xχ˜0αd˜I )
]
. (C.12)
Appendix C.3 C9(mW )
C9(mW ) = C9,γ + C9,Z + C9,box, (C.13)
C9,γ = C
W
9,γ + C
H−
9,γ + C
χ˜−
9,γ + C
G˜
9,γ + C
χ˜0
9,γ, (C.14)
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C9,Z = C
W
9,Z + C
H−
9,Z + C
χ˜−
9,Z + C
G˜
9,Z + C
χ˜0
9,Z , (C.15)
C9,box = C
W
9,box + C
χ˜−
9,box + C
χ˜0
9,box, (C.16)
CW9,γ = λt
[
xtW
{
2
3
f7(xtW ) + f8(xtW )
}
+
4
9
(
ln xtW
xtW − 1 − 1
)]
, (C.17)
CH
−
9,γ = λt cot
2 β xth
[
2
3
f5(xth)− f6(xth)
]
, (C.18)
C χ˜
−
9,γ = 2
2∑
α=1
6∑
I=1
xWu˜I (Γ
d
CL)
α3
I (Γ
d †
CL)
I
α2
[
2
3
f6(xχ˜−α u˜I )− f5(xχ˜−α u˜I )
]
, (C.19)
CG˜9,γ = −
16
9
g2s
g2
6∑
I=1
xWd˜I (Γ
d
GL)
3
I(Γ
d †
GL)
I
2f6(xG˜d˜I ), (C.20)
C χ˜
0
9,γ = −
2
3
4∑
α=1
6∑
I=1
xWd˜I (Γ
d
NL)
α3
I (Γ
d †
NL)
I
α2f6(xχ˜0αd˜I ), (C.21)
CW9,Z = −
(
−1 + 1
4 sin2 θW
)
xtW f9(xtW ), (C.22)
CH
−
9,Z =
1
2
(
−1 + 1
4 sin2 θW
)
cot2 βxtWxth [f3(xth) + f3(xth)] , (C.23)
C χ˜
−
9,Z = 2
(
−1 + 1
4 sin2 θW
) 2∑
α,β=1
6∑
I,J=1
(ΓdCL)
α3
I (Γ
d †
CL)
J
β2 (C.24)
×
[
δαβg2(xu˜J χ˜−β
, xu˜I χ˜−α )
3∑
M=1
(U˜U )
M
J (U˜
†
U )
I
M
+δIJ
{
2
√
xχ˜−α u˜Ixχ˜−β u˜J
g1(xχ˜−α u˜I , xχ˜−β u˜J
)(U †−)
1
α(U−)
β
1
+(lnxWu˜I − g2(xχ˜−α u˜I , xχ˜−β u˜J )(U
†
+)
1
α(U+)
β
1
}]
, (C.25)
CG˜9,Z =
g2s
g2
(
−1 + 1
4 sin2 θW
)
4
3
6∑
I,J=1
3∑
M=1
(ΓdGL)
6
I(Γ
d †
GL)
J
5 (C.26)
× (ΓdGR)MJ (Γd †GR)IMg2(xd˜I G˜, xd˜J G˜),
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C χ˜
0
9,Z =
1
2
(
−1 + 1
4 sin2 θW
) 4∑
α,β=1
6∑
I,J=1
(ΓdNL)
α3
I (Γ
d †
NL)
J
β2 (C.27)
×
[
δαβg2(xd˜J χ˜0β
, xd˜I χ˜0α)
3∑
M=1
(U˜D)
M
J (U˜
†
D)
I
M
+δIJ
{
−2√xχ˜0
β
d˜I
xχ˜0αd˜Ig1(xχ˜0β d˜I
, xχ˜0αd˜I )Gβα
+(lnxWd˜I − g2(xχ˜0β d˜I , xχ˜0αd˜I )Gαβ
}]
,
CW9,box = λt
1
4 sin2 θW
[g3(xtW , 0)− g3(0, 0)] , (C.28)
C χ˜
−
9,box =
1
4 sin2 θW
2∑
α,β=1
6∑
I=1
3∑
J=1
xWχ˜−α (Γ
d
CL)
α3
I (Γ
d †
CL)
I
β2 (C.29)
× (ΓlCL)βiJ (Γl †CL)Jαig6(xu˜I χ˜−α , xν˜J χ˜−α , xχ˜−β χ˜−α ),
C χ˜
0
9,box =
1
4 sin2 θW
4∑
α,β=1
6∑
I,J=1
xWχ˜0α(Γ
d
NL)
α3
I (Γ
d †
NL)
I
β2 (C.30)
×
[{
(ΓℓNL)
βi
J (Γ
ℓ †
NL)
J
αi − (ΓℓNR)αiJ (Γℓ †NR)Jβi
}
g6(xd˜J χ˜0α, xℓ˜I χ˜0α , xχ˜0βχ˜0α)
−
{
(ΓℓNL)
βi
J (Γ
ℓ †
NL)
J
αi − (ΓℓNR)αiJ (Γℓ †NR)Jβi
}
2
√
xχ˜0
β
χ˜0α
g5(xd˜J χ˜0α , xℓ˜I χ˜0α, xχ˜0αχ˜0α)
]
.
The matrix ΓℓCL(R) represents the coupling constant of chargino-sneutrino-lepton
and ΓℓNL(R) that of neutralino-slepton-lepton, which are found in Appendix D. Note
that index i represents the generation of the final lepton and is not summed here.
Appendix C.4 C10(mW )
C10(mW ) = C10,Z + C10,box, (C.31)
C10,Z = C
W
10,Z + C
H−
10,Z + C
χ˜−
10,Z + C
G˜
10,Z + C
χ˜−
10,Z , (C.32)
C10,box = C
W
10,box + C
χ˜−
10,box + C
χ˜0
10,box, (C.33)
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C i10,Z =
− 1
4 sin2 θW
−1 + 1
4 sin2 θW
C i9,Z , i =W,H
−, χ˜−, G˜, χ˜0, (C.34)
CW10,box = −C i9,box, i = W, χ˜− (C.35)
C χ˜
0
10,box =
1
4 sin2 θW
4∑
α,β=1
6∑
I,J=1
xWχ˜0α(Γ
d
NL)
α3
I (Γ
d †
NL)
I
β2 (C.36)
[
−
{
(ΓℓNL)
βi
J (Γ
ℓ †
NL)
J
αi + (Γ
ℓ
NR)
αi
J (Γ
ℓ †
NR)
J
βi
}
g6(xd˜J χ˜0α, xℓ˜I χ˜0α, xχ˜0β χ˜0α)
+
{
(ΓℓNL)
βi
J (Γ
ℓ †
NL)
J
αi + (Γ
ℓ
NR)
αi
J (Γ
ℓ †
NR)
J
βi
}
2
√
xχ˜0
β
χ˜0α
g5(xd˜J χ˜0α, xℓ˜I χ˜0α, xχ˜0αχ˜0α)
]
.
Appendix C.5 C11(mW )
C11(mW ) = C11,Z + C11,box, (C.37)
C11,Z = C
W
11,Z + C
H−
11,Z + C
χ˜−
11,Z + C
G˜
11,Z + C
χ˜−
11,Z , (C.38)
C11,box = C
W
11,box + C
χ˜−
11,box + C
χ˜0
11,box, (C.39)
C i11,Z = sin θ
2
WC10,Z , i =W,H
−, χ˜−, G˜, χ˜0, (C.40)
CW11,box = 4 sin θ
2
WC
W
10,box, (C.41)
C χ˜
−
11,box = −
1
4
2∑
α,β=1
6∑
I,J=1
xWχ˜−α (Γ
d
CL)
α3
I (Γ
d †
CL)
I
β2 (C.42)
(ΓνCL)
αi
J (Γ
ν †
CL)
J
βi2
√
xχ˜−
β
χ˜−α
g5(xu˜I χ˜−α , xℓ˜J χ˜−α , xχ˜−β χ˜
−
α
),
C χ˜
0
11,box =
1
4
4∑
α,β=1
6∑
I=1
3∑
J=1
xWχ˜0α(Γ
d
NL)
α3
I (Γ
d †
NL)
I
β2 (C.43)
×
[
−(ΓνNL)αiJ (Γν †NL)Jβi2
√
xχ˜0
β
χ˜0α
g5(xν˜J χ˜0α , xd˜I χ˜0α , xχ˜0αχ˜0α)
+ (ΓνNL)
βi
J (Γ
ν †
NL)
J
αig6(xν˜J χ˜0α, xd˜I χ˜0α, xχ˜0βχ˜0α)
]
.
23
Appendix D Feynman rules
In this appendix, we give our notations. The mass matrix of chargino is given by
L = −
(
W˜− h˜−1
)( M2 √2mW sin β√
2mW cos β µ
)(
W˜+
h˜+2
)
+H.c. (D.1)
Diagonalizing this mass matrix, mass eigenstates of chargino χi(i = 1, 2) are given
by
(
χ˜+1
χ˜+2
)
= U+
(
W˜+
h˜+2
)
,
(
χ˜−1
χ˜−2
)
= U−
(
W˜−
h˜−1
)
. (D.2)
The mass matrix of neutralino is given by
L = −1
2
(
B˜ W˜ 3 h˜01 h˜
0
2
)


M1 0 −mZ sW cβ mZ sW sβ
0 M2 mZ cW cβ −mZ cW sβ
−mZ sW cβ mZ cW cβ 0 −µ
mZ sW sβ −mZ cW sβ −µ 0




B˜
W˜ 3
h˜01
h˜02

 , (D.3)
where sW = sin θW , cW = cos θW , sβ = sin β and cβ = cos β. Diagonalizing this mass
matrix, mass eigenstates of neutralino are given by


χ˜10
χ˜20
χ˜30
χ˜40

 = UN


B˜
W˜ 3
h˜01
h˜02

 . (D.4)
The relevant interaction Lagrangian for the b → s ℓ ℓ process is written as
follows.
• chargino-quark(lepton)-squark(slepton) interaction
L = −g χ˜−α
[
(ΓdCL)
αj
I PL + (Γ
d
CR)
αj
I PR
]
dju˜
∗
I (D.5)
−g χ˜−α
[
(ΓℓCL)
αj
I PL + (Γ
ℓ
CR)
αj
I PR
]
ℓj ν˜
∗
I
−g (χ˜−)Cα (ΓνCL)αjI PLνj ℓ˜∗I +H.c.,
PR(L) =
1
2
(1± γ5).
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The mixing matrices ΓdCL(R), Γ
ℓ
CL(R) and Γ
ν
CL are given by
(ΓdCL)
αj
I = (U˜U)
j
I(U+)
∗α
1 − (U˜U )k+3I
m
(u)
k√
2mW sin β
(U+)
∗α
2 Vkj, (D.6)
(ΓdCR)
αj
I = (U˜U)
k
I
m
(d)
k√
2mW cos β
(U−)
α
2 , (D.7)
(ΓℓCL)
αj
I = (U˜ν)
j
I(U+)
∗α
1 , (D.8)
(ΓνCL)
αj
I = (U˜ℓ)
j
I(U−)
α
1 , (D.9)
where the matrices U˜U , U˜ℓ and U˜ν are the unitary matrices which diagonalize
the up-type squark mass matrix, the slepton mass matrix and the sneutrino
mass matrix respectively. V is the CKM matrix. Note that we neglect small
contribution proportional to the Yukawa couplings of the lepton.
• neutralino-quark(lepton)-squark(slepton) interaction
L = −g χ˜0α
[
(ΓdNL)
αj
I PL + (Γ
d
NR)
αj
I PR
]
djd˜
∗
I (D.10)
−g χ˜0α
[
(ΓℓNL)
αj
I PL + (Γ
ℓ
NR)
αj
I PR
]
ℓj ℓ˜
∗
I
−g χ˜0α(ΓνNL)αjI PLνj ν˜∗I +H.c.
The mixing matrices ΓdNL(R), Γ
ℓ
NL(R) and Γ
ν
NL are given by
(ΓdNL)
αj
I =
√
2
[
1
2
(UN)
α
2 −
1
6
tan θW (UN )
α
1
]
(U˜D)
j
I (D.11)
− m
d
j√
2mW cos β
(UN)
α
3 (U˜D)
j+3
I ,
(ΓdNR)
αj
I =
√
2
[
−1
3
tan θW (U
†
N)
α
1
]
(U˜D)
j+3
I (D.12)
− m
d
j√
2mW cos β
(U †N)
α
3 (U˜D)
j
I ,
(ΓℓNL)
αj
I =
√
2
[
1
2
(UN)
α
2 +
1
2
tan θW (UN)
α
1
]
(U˜ †L)
j
I , (D.13)
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(ΓℓNR)
αj
I =
√
2
[
− tan θW (U †N )α1
]
(U˜ †ℓ )
j+3
I , (D.14)
Gαβ = (U
†
N )
3
α(UN)
β
3 − (U †N )4α(UN )β4 , (D.15)
(Γ
(ν)
NL)
αj
I =
√
2
[
−1
2
(UN)
α
2 +
1
2
tan θW (UN )
α
1
]
(U˜ †ν)
j
I , (D.16)
where the matrix U˜D is the unitary matrix which diagonalizes the down-type
squark mass matrix.
• gluino-quark-squark interaction
L = −gs
√
2 (T a)αβG˜a
[
(ΓdGL)
j
IPL + (Γ
d
GR)
j
IPR
]
djαd˜
∗
Iβ, (D.17)
where the mixing matrices ΓdGL(R) are given by
(ΓdGL)
j
I = (U˜D)
j
I , (D.18)
(ΓdGR)
j
I = −(U˜D)j+3I . (D.19)
Appendix E One-loop functions
These are the one loop functions which appear in calculating the penguin or box
diagrams.
f1(x) =
1
12(x− 1)4 (x
3 − 6x2 + 3x+ 2 + 6x ln x), (E.1)
f2(x) =
1
12(x− 1)4 (2x
3 + 3x2 − 6x+ 1− 6x2 ln x), (E.2)
f3(x) =
1
2(x− 1)3 (x
2 − 4x+ 3 + 2 lnx), (E.3)
f4(x) =
1
2(x− 1)3 (x
2 − 1 + 2x ln x), (E.4)
f5(x) =
1
36(x− 1)4 (7x
3 − 36x2 + 45x− 16 + (18x− 12) lnx), (E.5)
f6(x) =
1
36(x− 1)4 (−11x
3 + 18x2 − 9x+ 2 + 6x3 ln x), (E.6)
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f7(x) =
1
12(x− 1)4 (x
3 + 10x2 − 29x+ 18− (8x2 − 6x− 8) lnx), (E.7)
f8(x) =
1
12(x− 1)4 (−7x
3 + 8x2 + 11x− 12− (2x3 − 20x2 + 24x) lnx), (E.8)
f9(x) =
1
2(x− 1)2 (x
2 − 7x+ 6 + (3x+ 2) lnx), (E.9)
g1(x, y) =
1
x− y
[
x
x− 1 ln x− (x↔ y)
]
, (E.10)
g2(x, y) =
1
x− y
[
x2
x− 1 ln x−
3
2
x− (x↔ y)
]
, (E.11)
g3(x, y) =
1
x− y
[
x2
(x− 1)2 ln x−
1
x− 1 − (x↔ y)
]
, (E.12)
g5(x, y, z) = − 1
x− y
[
1
x− z
[
x
x− 1 ln x− (x↔ z)
]
− (x↔ y)
]
, (E.13)
g6(x, y, z) =
1
x− y
[
1
x− z
[
x2
x− 1 ln x−
3x
2
− (x↔ z)
]
− (x↔ y)
]
. (E.14)
Appendix F The QCD correction
With Ci(mW ) as the initial condition, we obtain the solution of RGE in the LLA
approximation [8, 14].
C1(Q) =
1
2
C2(mW )
(
η6/23 − η−12/23
)
, (F.1)
C2(Q) =
1
2
C2(mW )
(
η6/23 + η−12/23
)
, (F.2)
C3(Q) = C2(mW )
(
−0.0112η−0.8994 + 1
6
η−12/23 − 0.1403η−0.4230 + 0.0054η0.1456 (F.3)
− 0.0714η6/23 + 0.0509η0.4086
)
,
C4(Q) = C2(mW )
(
0.0156η−0.8994 − 1
6
η−12/23 + 0.1214η−0.4230 + 0.0026η0.1456 (F.4)
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− 0.0714η6/23 + 0.0984η0.4086
)
,
C5(Q) = C2(mW )
(
−0.0025η−0.8994 + 0.0117η−0.4230 + 0.0304η0.1456 − 0.0397η0.4086
)
,(F.5)
C6(Q) = C2(mW )
(
−0.0462η−0.8994 + 0.0239η−0.4230 − 0.0112η0.1456 + 0.0335η0.4086
)
,(F.6)
C7(Q) = C7(mW )η
16/23 + C8(mW )
8
3
(
η14/23 − η16/23
)
(F.7)
+C2(mW )
(
−0.0185η−0.8994 − 0.0714η−12/23 − 0.0380η−0.4230 − 0.0057η0.1456
−0.4286η6/23 − 0.6494η0.4086 + 2.2996η14/23 − 1.0880η16/23
)
,
C8(Q) = C8(mW )η
14/23 (F.8)
+C2(mW )
(
−0.0571η−0.8994 + 0.0873η−0.4230 + 0.0209η0.1456
−0.9135η0.4086 + 0.8623η14/23
)
,
C9(Q) = C9(mW ) +
π
αs(mW )
C2(mW )
(
−0.1875 + 0.1648η1−0.8994 + 0.2424η1−12/23 (F.9)
+0.1384η1−0.4230 − 0.0073η1+0.1456 − 0.3941η1+6/23 + 0.0433η1+0.4086
)
,
C10(Q) = C10(mW ),
C11(Q) = C11(mW ), (F.10)
where η = αs(mW )
αs(Q)
.
Appendix G The kinematical functions
In this appendix we show the explicit form of kinematical functions in Eq. (3.6) and
Eq. (3.10). Here sˆ, mˆs and mˆℓ means s/m
2
b , ms/mb and mℓ/mb.
w(sˆ) =
√
(sˆ− (1 + mˆs)2)(sˆ− (1− mˆs)2), (G.1)
α1(sˆ, mˆs, mˆℓ) =
(
1 +
2mˆ2ℓ
sˆ
)(
−2sˆ2 + sˆ(1 + mˆ2s) + (1− mˆ2s)2
)
, (G.2)
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α2(sˆ, mˆs, mˆℓ) =
(
−2sˆ2 + sˆ(1 + mˆ2s) + (1− mˆ2s)2
)
(G.3)
+
2mˆ2ℓ
sˆ
(
4sˆ2 − 5(1 + mˆ2s)sˆ+ (1− mˆ2s)2
)
,
α3(sˆ, mˆs, mˆℓ) =
(
1 +
2mˆ2ℓ
sˆ
)
(G.4)
×
(
−(1 + mˆ2s)sˆ2 − (1 + 14mˆ2s + mˆ4s)sˆ+ 2(1 + mˆ2s)(1− mˆ2s)2
)
,
α4(sˆ, mˆs, mˆℓ) =
(
1 +
2mˆ2ℓ
sˆ
)(
(1− mˆ2s)2 − (1 + mˆ2s)sˆ
)
. (G.5)
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Figure Captions
FIG. 1: Feynman diagrams in the SM. (a) b → s γ, (b) b → s g, (c) the penguin
diagram for b → s ℓ+ℓ−, (d) box diagram for b → s ℓ+ℓ−. The SUSY contributions
to these diagrams are obtained by replacing the internal lines with SUSY particles.
FIG. 2: C7(mb), C9(mb) and C10(mb) in the SUGRA model normalized to that of
in the SM (a) for tan β = 3 and (b) for tanβ = 30.
FIG. 3: B(b → s ℓ+ℓ−) in the SM and in the minimal SUGRA model for κ = ±1.
The SUSY parameters are fixed with tan β = 30, m0 = 369 GeV, MgX = 100 GeV,
AX = m0, where C7(mb) becomes the opposite sign to the SM.
FIG. 4: AFB(b→ s ℓ+ℓ−) in the SM and in the minimal SUGRA model for κ = ±1.
The SUSY parameters are fixed with tanβ = 30, m0 = 369 GeV, MgX = 100 GeV,
AX = m0, where C7(mb) becomes the opposite sign to the SM.
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FIG. 5: A correlation between B(b → s γ) and B(b → s ℓ+ℓ−) in the minimal
SUGRA model (a) in the low s region with κ = +1, (b) in the low s region with
κ = −1, (c) in the high s region with κ = +1 and (d) in the high s region with
κ = −1 for tanβ = 30. Two vertical dashed line represent the experimental b→ s γ
constraint. Circles, squares and triangles represent how much B( b → s γ) and
B(b → s ℓ+ℓ−) change when the renormalization point Q is taken to be mb/2, mb
and 2mb respectively.
FIG. 6: A correlation between B(b → s γ) and AFB( b → s ℓ+ℓ−) in the minimal
SUGRA model (a) in the low s region with κ = +1, (b) in the low s region with
κ = −1, (c) in the high s region with κ = +1 and (d) in the high s region with
κ = −1 for tanβ = 30. Two vertical dashed line represent the experimental b→ s γ
constraint. Circles, squares and triangles represent how much B( b → s γ) and
AFB(b→ s ℓ+ℓ−) change when the renormalization point Q is taken to be mb/2, mb
and 2mb respectively.
FIG. 7: B(b → s ℓ+ℓ−) in the low s region for tan β= 30 as a function of (a) the
light chargino mass and (b) the light stop mass. The solid line shows the value in
the SM.
FIG. 8: B(b→ s ν ν) for tanβ=30 as a function of (a) the light chargino mass and
(b) the light stop mass. The solid line shows the value in the SM.
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